Classical and recently found phytohormones play an important role in plant growth and development, but plants additionally control these processes through small signalling peptides. Over 1000 potential small signalling peptide sequences are present in the Arabidopsis genome. However, to date, a mere handful of small signalling peptides have been functionally characterized and few have been linked to a receptor. Here, we assess the potential small signalling peptide outputs, namely the molecular, biochemical, and morphological changes they trigger in Arabidopsis. However, we also include some notable studies in other plant species, in order to illustrate the varied effects that can be induced by small signalling peptides. In addition, we touch on some evolutionary aspects of small signalling peptides, as studying their signalling outputs in single-cell green algae and early land plants will assist in our understanding of more complex land plants. Our overview illustrates the growing interest in the small signalling peptide research area and its importance in deepening our understanding of plant growth and development.
Introduction
A small number of classical and newly found phytohormones are heavily involved in plant growth and development (Vanstraelen and Benkova, 2012) . For a long time, it was a challenge to explain how a handful of chemicals could produce the large number of physiological and biochemical responses required during development. Lately, however, it has become apparent that, like mammalian systems, plants also make use of small signalling peptides to steer growth and development. These small signalling peptides are mainly associated with receptors (including receptor kinases) situated in specific cells and tissues, and are able to elicit a vast array of biological and physiological responses, allowing the plant to develop and adapt to changes in the surrounding environment.
Several genetic, biochemical, and in silico studies have been undertaken to unravel the identity of these small signalling peptides (Lease and Walker, 2006; Butenko et al., 2009; Murphy et al., 2012) . Small signalling peptides mainly range in size between 5 and 75 aa, but there are a few exceptions (see below). Most-but by no means all-small signalling peptides are cleavage products from precursor peptides. Several of these precursors are modified post-translationally prior to cleavage of the mature peptide sequence, and this post-translational modification can be critical to function.
The mature, functional, secreted small signalling peptide is often perceived by a membrane-associated receptor and regulates a signal transduction pathway, but some are not secreted (Butenko et al., 2009; Matsuzaki et al., 2010; Matsubayashi, 2011; Murphy et al., 2012) . To date, however, a mere handful of small signalling peptides have been functionally characterized and few have been linked to a receptor (Butenko et al., 2009; Murphy et al., 2012) .
In the Arabidopsis genome, over 600 putative receptor-like kinase proteins have been detected (Shiu and Bleecker, 2001) , while over 1000 putative small signalling peptide sequences can be recognized (Lease and Walker, 2006) . There are several ways to explain this seeming overabundance of putative small signalling peptides. First, as receptors commonly form complexes, it may be that interacting proteins are able to alter the conformation of the receptor, allowing a single receptor protein to perceive multiple ligands and to activate multiple, distinct signalling cascades based on alternative protein associations (for example type I interferons, which are important cytokines for innate immunity against viruses and cancer; Thomas et al., 2011) . Secondly, possibly not all putative small signalling peptides are secreted and/or perceived by a receptor, and they might have receptor-independent roles, although this does not exclude a signalling function. Thirdly, it is possible that some small signalling peptides are secreted to regulate the interaction between plant and symbiotic organisms (e.g. Rhizobia) or as a deterrent to pathogenic bacteria . Fourthly, there is also potential for functional redundancy in a number of peptides; for example, the active 12 aa CLE consensus sequence of CLE1 and CLE4 is perfectly conserved, and both peptides are expressed in the same tissue (Strabala et al., 2006) . Finally, it remains to be seen whether all putative small signalling peptides are produced by the plant and if they are perceived or functional at all. It is also noteworthy that small signalling peptides are distinct from microproteins, which appear mainly to target transcriptional regulators that bind to DNA as active homodimers (Staudt and Wenkel, 2011) .
While several recent reviews describe the role of a limited number of small signalling peptides and their genetic and biochemical interaction with (potential) receptors (Butenko et al., 2009; De Smet et al., 2009; Murphy et al., 2012) , a comprehensive summary of downstream effects is lacking. This review therefore focuses on the molecular, biochemical, and morphological changes triggered by small signalling peptides in Arabidopsis. However, we also include some notable studies in other plant species in order to illustrate the varied effects that can be induced by small signalling peptides.
Phenotypical effects of peptides: growth and development
Peptides are involved in a wide range of growth and developmental processes. Before we elaborate on their signalling outputs, we will first provide an overview of the growth and developmental processes for which peptides have been proposed to play a role (Fig. 1, Table 1 ).
Regulation of cell division and differentiation in primary meristems
Control of meristem size and activity, through regulating cell division and differentiation, is critical for the correct development of the primary plant body (Scheres, 2007) . There are many molecular mechanisms-such as phytohormone-mediated signalling, cell cycle regulation, and protein movementinvolved in regulating cell division and differentiation (De Veylder et al., 2007; Barton, 2010; De Smet and Beeckman, 2011; Van Norman et al., 2011) , and small signalling peptides also play a role (Fig. 1) .
The CLAVATA (CLV)/EMBRYO SURROUNDING REGION (ESR)-RELATED PROTEIN (CLE) family has been shown to affect root, shoot, and flower meristem maintenance and stem-cell divisions. The Arabidopsis CLE family comprises 32 peptides, each consisting of 12-13 aa, and containing a CLV3/ESR consensus sequence (Strabala et al., 2006; Betsuyaku et al., 2011a) . CLV3 is perhaps the best-characterized small signalling peptide, and is demonstrated as a mobile signal controlling the size of the Arabidopsis shoot apical meristem (SAM) (Clark et al., 1995) ( Fig. 2A) . clv3 mutant plants have enlarged SAM regions, as well as increased floral meristem size (Clark et al., 1995) . Overexpression of CLV3 and application of CLV3 peptide result in an early termination of the SAM (Fiers et al., 2005; Kondo et al., 2006) . These observations indicate that CLV3 has a key role in the maintenance of the SAM stem-cell niche in Arabidopsis by downregulating stem-cell proliferation in meristematic tissue (Suzaki et al., 2008) .
CLE40 is the functional analogue of CLV3 in the root apical meristem (RAM) (Fiers et al., 2005) (Fig. 2B) . Overexpression of CLE40 and application of CLE40 peptide result in consumption of the meristematic tissue and termination of root growth (Hobe et al., 2003) . Conversely, the cle40 mutant displays delayed differentiation of columella stem cells (Hobe et al., 2003) .
Likewise, although no aberrant phenotype was observed in cle19 knockout mutants, 35S promoter-mediated overexpression of CLE19 results in a short root phenotype that is caused by complete differentiation of root meristem cells (Casamitjana-Martinez et al., 2003; Fiers et al., 2004) . In addition, growth of seedlings on medium containing CLE19 similarly causes termination of the RAM, and close observation of the roots revealed that CLE19 peptide treatment results in delayed separation of the endodermis and cortex (Fiers et al., 2005; .
ROOT GROWTH FACTOR (RGF)/GOLVEN (GLV)/ CLE-LIKE (CLEL) peptides belong to a family of 11 peptides, which are 13-18 aa and seven of which are expressed in the RAM (Matsuzaki et al., 2010; Whitford et al., 2012; Fernandez et al., 2013a, b) . Overexpression of RGF1 and application of RGF1 peptide results in an enlarged meristematic region. Single rgf1 knockout mutants do not show an aberrant root phenotype, but triple rgf1 rgf2 rgf3 mutants display a shortened root phenotype, indicating their role as positive regulators of meristem maintenance and root growth (Matsuzaki et al., 2010) .
C-TERMINALLY ENCODED PEPTIDE (CEP) peptides belong to a family of, so far, five peptides, which are about 15 aa (Ohyama et al., 2008) . Overexpression of C-TERMINALLY ENCODED PEPTIDE 1 (CEP1) results in a shortened root phenotype, which stems from a reduced number of cells in the meristematic zone and reduced cell size in the mature region (Ohyama et al., 2008) . Similarly, treatment with CEP1 peptide results in root growth arrest (Ohyama et al., 2008) .
Regulation of cell expansion
During development, growth rate depends on two parameters: cell production rate and cell size, and these parameters are controlled by several plant hormones (Beemster and Baskin, 1998; Breuninger and Lenhard, 2010; Gonzalez et al., 2012) . However, an increasing number of small signalling peptides appear to also play a role in cell expansion (Fig. 1) .
Two sulfated peptides, the pentapeptide PHYTOSULFOKINE-α (PSK-α) and the 18 aa glycopeptide PLANT PEPTIDE CONTAINING SULFATED TYROSINE 1 (PSY1), promote proliferation of cells in culture Yang et al., 1999 Yang et al., , 2000 Yang et al., , 2001 Amano et al., 2007; Komori et al., 2009) . However, in planta, PSK-α and PSY1 appear to be associated mainly with cell expansion. Overexpression of PSK4, the most prominently expressed PSK-α precursor gene, leads to a faster growth of Arabidopsis roots (Matsubayashi et al., 2006a) . Similarly, treatment with PSK-α results in a significant increase in primary root length of wild-type seedlings. The promoting effect on root elongation is essentially the consequence of a positive effect on cell elongation, namely meristematic cells became larger in PSK-α-treated plants resulting in an overall larger meristem (Kutschmar et al., 2009) . Similarly, hypocotyl protoplasts expand in the presence of PSK-α in a dose-dependent manner (Stuhrwohldt et al., 2011) . Likewise, overexpression of PSY1 and application of natural PSY1 peptide results in increased root growth and/or larger cotyledons, again mainly due to increased cell size (Amano et al., 2007) . RAPID ALKALINIZATION FACTORs (RALFs) and RALF-LIKE (RALFL) peptides are a family of 34 genes in Arabidopsis that give rise to an approximately 49 aa mature peptide (Pearce et al., 2001; Olsen et al., 2002; Bedinger et al., 2010; Cao and Shi, 2012) . Plants grown on medium to which RALF peptide has been added display an immediate cessation of primary root growth (Pearce et al., 2001) . Overexpression of AtRALF1 and AtRALF23 results in a dwarf phenotype, while downregulation of NaRALF in Nicotiana attenuata promotes root elongation (Wu et al., 2007; Matos et al., 2008; Srivastava et al., 2009) . While there is clearly a RALF-and RALFL-mediated effect on growth, this is probably through controlling cell expansion. Similarly, the tomato (Solanum lycopersicum) SlPRALF is specifically expressed in pollen, and synthetic SlPRALF peptide acts as a negative regulator of pollen-tube elongation (Covey et al., 2010) .
Sakagami
Finally, the reduction in root length in polaris (pls), mutant for a gene encoding a 36 aa peptide, is mainly because root meristem and cortex cells are shorter and more radially expanded than in the wild type (Casson et al., 2002) . Fig. 2 . Small signalling peptide-transcription factor feedback loops. Schematic representation of (A) shoot apical meristem, (B) root apical meristem, (C) vascular development, and (D) stomatal development, highlighting the major components of the signalling cascade, namely the small signalling peptide, the receptor kinase complex members, and the downstream transcription factor.
Regulation of cell proliferation
As mentioned above, cell proliferation plays an important role during plant growth. The DEVIL/ROTUNDIFOLIA (DVL/ROT) peptides, which are 41-145 aa and for which no evidence for post-translational processing or secretion exists, have been shown to play a role in cell proliferation (Fig. 1) . Overexpression of DVL/ROT family members results in pleiotropic phenotypes, including a decrease in cell proliferation in the leaf blade, clustered inflorescences, shortened pedicels, short siliques with horned tips, and protrusions on the base of trichomes (Narita et al., 2004; Wen et al., 2004; Ikeuchi et al., 2011; Valdivia et al., 2012) .
Regulation of vascular development
Vascular tissues, composed of xylem, phloem, and procambium/cambium, are important for plants to transport water and nutrients throughout their structures and to provide mechanical support (Scarpella and Helariutta, 2010) . The (pro)cambium cells are vascular stem cells between xylem and phloem and are able to differentiate into both tissues (Fukuda, 2004) . TRACHEARY ELEMENT DIFFERENTIATION INHIBITOR FACTOR (TDIF) is a CLE peptide that was first identified from a Zinnia cell culture and that controls the tracheary element differentiation (Fukuda and Komamine, 1980; Kondo et al., 2006) . In Arabidopsis, TDIF is encoded by CLE41 and CLE44 (Fukuda et al., 2007) . TDIF/CLE41/ CLE44 acts as a phloem-derived, non-cell-autonomous signal to promote the proliferation of cambial cells while suppressing xylem differentiation in leaf, root, hypocotyl, and stem vasculature (Hirakawa et al., 2008; Etchells and Turner, 2010; Hirakawa et al., 2010) (Fig. 2C) . In wild-type cambium, cell divisions are mostly periclinal, but CLE41 overexpression lines display cambial cell division in a range of different orientations. In addition, these lines exhibit phloem expanding towards the centre of the hypocotyl and inflorescence stem and developing in regions where xylem is normally localized (Etchells and Turner, 2010) . Cambium and protoxylem cellidentity markers indicate that application of CLE41 peptide promotes proliferation of vascular cells, although delaying downstream differentiation into phloem and xylem cell lineages (Whitford et al., 2008) . Additionally, TDIF treatment activates both periclinal and anticlinal division of cambial cells in hypocotyls, enlarging the hypocotyl stele (Hirakawa et al., 2008) . In contrast, the hypocotyl stele of cle41 mutants is thinner than in the wild type but can be enlarged by TDIF treatment (Hirakawa et al., 2010) .
The amino acid sequence of CLE42 is highly similar to that of TDIF (Kondo et al., 2006) , and CLE42 overexpression lines also display more cells in vascular bundles and an increased diameter of the hypocotyl cylinder (Etchells and Turner, 2010) . However, in contrast to CLE41 and CLE44, CLE42 seems to be expressed in the SAM and axillary meristems, and not in the vasculature, and appears mostly to regulate branching (Yaginuma et al., 2011) . Furthermore, two other Arabidopsis genes, CLE9 and CLE10, encode the same dodecapeptide and are specifically expressed in the stele. Both overexpression of CLE10 and CLE10 peptide treatment inhibit protoxylem vessel formation .
Overexpression of CLE45 results in a lack of germination and, although one plant was recovered, the overexpression of CLE45 results in extreme dwarfism and death (Depuydt et al., 2013) . However, application of synthetic CLE45 peptide produced a weaker phenotype that was not lethal to the plant and impeded the transition from proliferation to differentiation in root phloem cells, suggesting a role for CLE45 during phloem development (Depuydt et al., 2013) .
Finally, pls mutants are defective in leaf vascular development, displaying a reduced leaf vascularization compared with wild type (Casson et al., 2002; Liu et al., 2010) .
Regulation of stomatal development
Stomata are an adaptation of land plants that allow controlled gas and water exchange (Hara et al., 2007) . Stomata consist of two guard cells, which are able to mechanically alter their shape to create a pore in the epidermis. These guard cells are products of a succession of symmetric and asymmetric cell divisions in which several small signalling peptides are involved (Shimada et al., 2011; Torii, 2012b) (Fig. 1) .
EPIDERMAL PATTERNING FACTOR 1 (EPF1, 52 aa) and EPF2 (52 aa) belong to a family of 11 EPF and EPF-LIKE peptides, which are thought to be involved in regulation of epidermal cell development . Typically, these secreted cysteine-rich peptides contain six or eight conserved cysteines in the C-terminal mature peptide region (Torii, 2012a) . Overexpression of EPF1 results in reduced numbers of stomata, leading to decreased overall growth and sterility (Hara et al., 2007) . In the most severe overexpression lines, no stomata were formed at all, suggesting that EPF1 functions in a dose-dependent manner (Hara et al., 2007) . The epf1 knockout mutants displayed an increase in stomatal density and, additionally, had clusters of stomata (Hara et al., 2007) . This suggests that the mature EPF1 peptide (Ohki et al., 2011 ) is able to control both the number and the spacing of stomata (Fig. 2D) . EPF2 restricts asymmetric cell division during stomatal development (Hunt and Gray, 2009) . epf2 knockout mutants display large numbers of small epidermal cells and few mature pavement cells (Hunt and Gray, 2009 ). Overexpression of EPF2 results in a reduction of stomata development, and increased numbers of cells enter into the pavement cell lineage (Hunt and Gray, 2009) . It is thought that the EPF2 peptide regulates the number of cells entering the stomatal cell lineage, preventing the production of mature pavement cells but also inhibiting the formation of stomata (Hunt and Gray, 2009; Ohki et al., 2011) (Fig. 2D) .
In addition to the EPFs, there are 9 EPF-LIKE (EFPL) peptides, ranging from 45 to 76 aa Torii, 2012a) , but, for example, EPFL6/CHALLAH (CHAL) and CHALLAH-LIKE (CLL) peptides are expressed in the vasculature (CHAL) and cotyledon bases (EPFL5/CLL1 and EPFL2/CLL2) (Ohki et al., 2011) . In agreement with their expression pattern, the chal, cll1, and cll2 single and the triple chal cll1 cll2 mutants display no differences in stomatal development (Abrash et al., 2011) . In contrast, exogenous application of EPFL4 and EPFL5 synthetic peptides does result in decreased numbers of stomata . Overexpression lines of CHAL, CLL1, and CLL2 displayed a significantly decreased number of stomata (Abrash et al., 2011) . Taken together, it appears that EPFL6/CHAL, EPFL5/ CLL1, and EPFL2/CLL2 inhibit stomatal development in Arabidopsis stems and hypocotyls (Abrash et al., 2011) .
STOMAGEN/EPFL9, a 45 aa peptide, acts as a mesophyllderived positive regulator of guard cell development (Sugano et al., 2009) . Overexpression of STOMAGEN results in an increased stomata count, as well as decreased incidence of the one-cell spacing of stomata. RNA interference (RNAi)-mediated knockdown of STOMAGEN results in decreased numbers of stomata (Sugano et al., 2009) . STOMAGEN has an antagonistic relationship with EPF1 and EPF2, as RNAi-mediated knockdown of STOMAGEN in the epf1 epf2 mutant displayed no significant difference in stomatal density compared with the wild type, whereas the efp1 epf2 mutant displayed increased numbers of stomata (Sugano et al., 2009) . Similarly, simultaneous application of synthetic EPF2 and STOMAGEN also revealed this antagonistic relationship between the two peptides, indicating that they may share a common receptor, or that the signalling pathways in which the two peptides are involved have antagonistic functions (Ohki et al., 2011; Shimada et al., 2011) .
Regulation of lateral root initiation and development
Lateral root formation is a major determinant of root system architecture to aid water uptake, acquisition of nutrients, and anchorage of plants (Smith and De Smet, 2012) . During lateral root initiation, a subset of xylem pole pericycle cells undergo a limited number of anticlinal asymmetric cell divisions, followed by periclinal division of the small daughter cells and additional rounds of cell divisions, which eventually lead to a lateral root primordium that breaks through the overlying tissues (Péret et al., 2009 ). Significant progress has been achieved in understanding the role of phytohormones such as auxin and cytokinin during lateral root development (Benkova and Bielach, 2010; De Smet and Beeckman, 2011; De Smet, 2012; Lavenus et al., 2013) , but a few peptides have also been reported to affect this process (Fig. 1) .
All the RGF/GLV/CLEL gene family members, except GLV1, are expressed during lateral root development (Fernandez et al., 2013a) . Overexpression of GLVs results in inhibition of lateral root development and root branching (Fernandez et al., 2013a) . Similarly, overexpression of CLEL6 or CLEL7 dramatically delays lateral root development in Arabidopsis, and this cannot be rescued by exogenous application of the lateral root-inducing phytohormone auxin (Meng et al., 2012) . Additionally, the pericycle cells in the CLEL6 and CLEL17 overexpression lines appear to divide asymmetrically as well as symmetrically, preventing the formation of a central core of small pericycle cells and progression to the next developmental stage (Meng et al., 2012) .
Recently, INFLORESCENCE DEFICIENT IN ABSCISSION (IDA), which is known mainly for its role in abscission (see below) (Butenko et al., 2003) , was shown to control lateral root architecture (Kumpf et al., 2013) . Interestingly, lateral root initiation is not affected in ida mutants, but the percentage of late stages of lateral root primordia is much higher, suggesting that IDA represses lateral root emergence (Kumpf et al., 2013) .
In addition, a few other peptide families have been associated with lateral root development. For example, PLS is expressed in lateral root tips and the pls mutant displays a reduced number of lateral roots (Casson et al., 2002; Chilley et al., 2006) . Also, CEP1 is expressed in lateral root primordia and, when overexpressed, reduces lateral root growth (Ohyama et al., 2008) . Finally, similar to its effect on the primary root, externally applied PSK-α promotes lateral root elongation (Kutschmar et al., 2009) .
Regulation of root waving and gravitropism
Gravitropism is the process by which a plant governs the directional growth of both root and shoot in response to gravity. This process requires cells that can sense gravity, followed by differential growth (Morita, 2010) .
Exogenous peptide application and overexpression of GLV1/RGF6, GLV2/RGF9, and GLV3/RGF4 results in loss of a gravitropic response in roots and leads to a curled root phenotype (Whitford et al., 2012) . However, only GLV3 is expressed in the root, while GLV1 and GLV2 are expressed in the leaves, hypocotyl, and flowers (Whitford et al., 2012) . Interestingly, both RNAi targeted against GLV1 and GLV2 and overexpression of GLV1 and GLV2 result in altered hypocotyl gravicurvature. Overexpression of GLV3 also reduces hypocotyl gravicurvature, while RNAi lines had no effect on this process, suggesting that strict control of expression prevents overlapping functions between homologues (Whitford et al., 2012) . The latter is supported by the distinct expression patterns of the GLVs during growth and development (Fernandez et al., 2013a) cle40 knockout mutants also display a subtle root waving phenotype (Fiers et al., 2005) . This may, however, be related to the loss of control over cell division or, alternatively, the minor agravitropism might be induced by the delayed differentiation of columella stem cells (see above), resulting in a deficient starch accumulation ).
Regulation of root-hair patterning and development
Root hairs are important as they increase the surface area for uptake of water and minerals. Root hairs consist of single cells that have differentiated from epidermal precursors in response to a positional cue from the cortex (Grebe, 2012) . This positional cue regulating development and spacing of root hairs is also thought to involve small signalling peptides (Fig. 1) .
Two members of the RGF/GLV/CLEL family, GLV4 and GLV8, are expressed in the rhizodermis, and regulate root-hair size and shape (Fernandez et al., 2013a) . GLV4 is expressed in all epidermal cells, whereas GLV8 expression is only observed in non-hair cells. The glv8 loss-of-function and amiRglv4 roots displayed shorter root hairs compared with wild type. In contrast, overexpression of GLV4, GLV5, and GLV8 resulted in an increased frequency of branched root hairs (Fernandez et al., 2013a) .
Finally, downregulation of NaRALF in Nicotiana attenuata prevents tip growth of root-hair trichoblasts, resulting in localized bulges, which eventually burst (Wu et al., 2007) .
Regulation of gametophyte development and fertilization
In angiosperms, female gametophyte development is essential for the production of seeds. Seed development is initiated when pollen adheres to the stigma, resulting in the formation of a pollen tube through the carpel tissue, which connects to the egg cell through the mycropylar space. Two sperm nuclei are then delivered to the female gametophyte, the first fertilizes the egg, while the second fuses with the central cell in order to form the endosperm (Drews and Koltunow, 2011) . With respect to the male gametophyte, mature tapetal cells are important for nourishment of developing pollen in Arabidopsis (Yang et al., 2003) .
EGG CELL 1 (EC1) is a cysteine-rich peptide present in wheat egg cells (Sprunck et al., 2012) . In Arabidopsis, five EC1-like genes are expressed in female reproductive tissues and activate sperm during fertilization. A combination of knockout and RNAi-mediated knockdown of this highly functionally redundant peptide family results in reduced fertilization of ovules and a decreased seed count upon maturation of the silique (Sprunck et al., 2012) .
EGG APPARATUS 1 (ZmEA1) in Zea mays, CYSTEINE-RICH PEPTIDE 1 (TfCRP1)/LURE1 and TfCRP3/LURE2 in Torenia fournieri, and TcCRP1 in Tillandsia concolour function as chemoattractants secreted from the ovule to attract pollen tubules to the micropyle (Kanaoka et al., 2011; Márton et al., 2012; Okuda et al., 2013) . For example, knockdown of ZmEA1 decreased the ability of the pollen tube to locate the micropyle, and application of synthetic ZmEA1 caused maize pollen tubes to grow towards the source on agar plates (Márton et al., 2005; Márton et al., 2012) . In addition, ZmEA1 expressed in Arabidopsis ovules similarly attracts maize pollen tubes (Márton et al., 2012) .
Finally, RNAi-mediated knockdown of Zea mays EGG APPARATUS-LIKE1 (ZmEAL1), a 49 aa cysteine-rich peptide secreted from the egg cell, results in differentiation of antipodal cells to secondary central cells (Krohn et al., 2012) . TAPETUM DETERMINANT1 (TPD1) is involved in development of tapetal cells in Arabidopsis anthers (Yang et al., 2003) . The tpd1 mutant is unable to form pollen, and contained decreased numbers of tapetal cells and increased numbers of microsporocytes, suggesting that TPD1 is responsible for differentiation of tapetal precursors into mature tapetal cells (Yang et al., 2003) . Overexpression of TPD1 results in enlarged tapetal cells and delayed degeneration of the tapetum, suggesting that TPD1 is also involved in maintenance of tapetum (Yang et al., 2005) . Overexpression of TPD1 additionally causes carpel cells to continue dividing until maturation of the silique, resulting in wider siliques than wild-type Arabidopsis (Yang et al., 2005) .
Regulation of abscission
Abscission is an important process through which plants get rid of unwanted organs such as flowers, leaves, and fruit when they are damaged or have served their purpose (Sexton and Roberts, 1982; Patterson, 2001) .
IDA, which is expressed in the abscission zone, plays an important role in abscission. The ida loss-of-function mutants can form an abscission zone but cannot complete floral abscission, which leads to dry floral organs still attached to the plant after dehiscence of seeds (Butenko et al., 2003) . In contrast, overexpression of IDA leads to an increased number of abscission zone cells and results in ectopic abscission of sepals and silique valves (Stenvik et al., 2006) . Similarly, IDA-LIKE (IDL) peptides appear to play a similar role, and IDL coding regions can partially rescue the phenotype of ida mutants (Stenvik et al., 2008) .
Regulation of nodulation
Legumes form root nodules in order to establish a symbiotic relationship with Rhizobia. This mutually beneficial relationship allows the Rhizobia to proliferate in an optimal environment to convert atmospheric nitrogen to ammonium, which is then used by legumes to allow growth on nitrate-deficient soils (Osipova et al., 2012) .
RHIZOBIA INDUCED CLE1 (RIC1), RIC2 and NITRATE INDUCED CLE1 (NIC1) belong to a family of CLE consensus peptides present in legume roots, which are involved in autoregulation of root nodulation, a mechanism of inhibition of nodule formation by already induced or existing root nodules (Reid et al., 2013) . Overexpression of GmRIC1 resulted in complete suppression of nodulation in Glycine max (Reid et al., 2011) , while knockdown of RIC1 and RIC2 in Medicago truncatula resulted in increased nodulation (Mortier et al., 2010) . Interestingly, structurally similar CLE peptides also reduce nodulation, when exogenously applied (Osipova et al., 2012) .
Another class of cysteine-rich 3-5 kDa peptides has been observed in nodules of inverted repeat-lacking clade legumes, such as Medicago, Pisum, and Trifolium, but are not present in non-inverted repeat-lacking clade legumes, such as Lotus. These peptides have been named nodule-specific cysteine-rich (NCR) peptides, and are structurally similar to cysteine-rich antimicrobial proteins . Application of NCR035 alters the membrane structure of Rhizobia, inhibiting bacterial cell division and differentiation and causing the accumulation of larger terminally differentiated bacteroids in Lotus ( Van de Velde et al., 2010) . Application of NCR035, NCR055, and NCR247 to Rhizobia in vitro similarly inhibits cell division, and at higher concentrations leads to cell death ( Van de Velde et al., 2010) . It is likely that the plant expresses the NCR peptides in a strictly controlled fashion, causing terminal bacteroid differentiation but not cell death.
Molecular and biochemical effects of peptides
The morphological phenotypes described above are the consequence of molecular and biochemical changes triggered by small signalling peptides. In this section, we will illustrate the most prominent effects (Figs 2 and 3) .
Control of transcription factor expression
Although the precise mechanism of signalling is generally not known, it has been demonstrated for several small signalling peptides that their respective mode of action ultimately leads to altered transcription factor expression patterns (Fig. 2) .
CLV3 is expressed primarily in the stem cells of the L1 and L2 layers of the SAM (Fletcher et al., 1999; Meng and Feldman, 2011) , and CLV3 has been shown to interact directly with the CLV1 ectodomain . The CLV3 peptide migrates to the L3 layer of the SAM, where it interacts with CLV1 and CLV2 in the SAM stem cells. The CLV1−CLV2−CORYNE (CRN)/SUPPRESSOR OF OVEREXPRESSION OF LIGAND LIKE PROTEIN 1-2 (SOL2) receptor complex acts to transduce the CLV3 signal (Fiers et al., 2005; Müller et al., 2008) . The outcome of this signalling cascade will be the suppression of WUSCHEL (WUS) expression in the organizing centre (Fletcher et al., 1999) (Fig. 2A) . WUS, a homeobox transcription factor implicated in both up-and downregulation of genes involved in stem-cell maintenance in the L3 layer of the SAM (Brand et al., 2000; Leibfried et al., 2005; Yadav et al., 2010) , is thought to migrate from the organizing centre to the nucleus of adjacent stem cells, where it interacts directly with DNA and triggers CLV3 expression, thus initiating a negative feedback loop (Kieffer et al., 2006; Yadav et al., 2011) . As would be predicted from these interactions, clv1 and clv2 knockout mutants display a similar phenotype to clv3 knockout mutants, inasmuch as they accumulate large numbers of stem cells containing WUS at the SAM (Clark et al., 1995; Diévart et al., 2003) . WUS also activates expression of AGAMOUS (AG) in the floral meristem (Lohmann et al., 2001) . The presence of AG causes the suppression of WUS, suggesting that there may be a CLV-CLE-like signalling loop that also controls the development of floral meristems (Lenhard et al., 2001; Lohmann et al., 2001) .
CLE40 is expressed by differentiated columella cells in the RAM, and in cle40 expression of WUSCHEL-RELATED HOMEOBOX 5 (WOX5)-a quiescent centre (QC) marker and columella stem-cell fate regulator-expands laterally to stem cells . Exogenous application of a synthetic CLE40 peptide to the cle40 mutant restores expression of WOX5 by restricting it to the QC Stahl and Simon, 2012) . Genetic evidence suggests that CLE40 may bind to ARABIDOPSIS CRINKLY4 (ACR4), a receptor-like kinase present in columella stem cells and to a lesser extent in the QC and developing epidermis in the root tip region. The CLE40 peptide is thought to migrate to the columella stem cells, where it interacts with ACR4, and this interaction inhibits the expression of WOX5 in the QC (Fig. 2B) . As ACR4 is able to form heterodimers with CLV1 in the RAM, this supports a CLE40-CLV1-ACR4 complex regulating a homeobox transcription factor in the RAM, similar to the CLV3-CLV1-CLV2 mechanism in the SAM (Stahl et al., , 2013 Stahl and Simon, 2012; Williams and De Smet, 2013) . While CLE40 signalling in the columella does not require CLV2 (Stahl et al., 2013) , clv2 mutants were demonstrated to suppress the short root phenotype induced by CLE19 overexpression (Casamitjana-Martinez et al., 2003) , which indicates that RAM development may be controlled by multiple overlapping signalling pathways.
In addition to CLEs, RGF1 is expressed in the QC and columella stem cells and RGF1 peptide diffuses into the surrounding cells, where it is involved in the spatial regulation of PLETHORA (PLT) expression in areas of auxin maxima (Matsuzaki et al., 2010) . The transcription factor PLT is expressed in response to auxin and is required (along with SHORTROOT and SCARECROW) for the correct patterning and maintenance of the root stem-cell niche (Aida et al., 2004) . The plt1 plt2 mutant shows little or no response to RGF1 peptide, and RGF1 peptide treatment causes expansion of PLT2 to the basal zone of the meristem but not the accumulation of PLT2 transcripts, indicating that RGF1 regulation of PLT2 is largely at the post-transcriptional level (Matsuzaki et al., 2010) . In addition, PIN-FORMED (PIN) auxin efflux facilitators and PLTs form a network controlling auxin-mediated root patterning: PLT genes maintain PIN transcription and PIN proteins restrict PLT expression, which stabilizes the position of the stem-cell niche (Grieneisen et al., 2007) . In this context, RGF/GLV/CLEL peptides affect the polarized auxin transport required for root stem-cell specification by acting on the membrane localization of PIN2 (Whitford et al., 2012 ) (see below). Interestingly, the PLT genes are required for maintaining PIN2 and the response to auxin in the RAM (Galinha et al., 2007) . This may indicate a chain of events where some RGF/GLV/CLEL family members initiate localized auxin maxima through regulating localization of PIN proteins, while other RGF/GLV/CLELs respond to this increase in auxin and regulate the patterning of the RAM stem-cell niche via PLTs, or a combination of these events. This is, in part, supported by the transcriptional upregulation of some RGF/GLV/CLELs following auxin treatment, while other RGF/GLV/CLELs are not affected by auxin (Zhou et al., 2010; Whitford et al., 2012) .
Application of CLE45 excluded ALTERED PHLOEM DEVELOPMENT (APL)-a transcription factor required for phloem identity-from the meristematic region (Depuydt al., 2013) . Given that barely any meristem 3 (bam3) mutants are insensitive to CLE45 peptide treatment, this suggests that the interaction between CLE45 and BAM3, a receptor kinase required for the development of vascular strands in the leaf (DeYoung et al., 2006) , may be key to controlling the development of phloem tissue. Also implicated in the control of protophloem identity is the transcriptional co-regulator BREVIS RADIX (BRX). As brx null mutants display inhibited protophloem development, it is suggested that BRX may play a role in inducing protophloem development, thus creating a feedback loop with BAM3 signalling (Depuydt et al., 2013) . CLE41 (and CLE42) and PHLOEM INTERCALATED WITH XYLEM (PXY)/TDIF RECEPTOR (TDR) were identified as a ligand-receptor pair that regulates vascular cell division and differentiation, and vascular bundle organization (Fisher and Turner, 2007; Hirakawa et al., 2008) . The pxy knockout mutant exhibits a small reduction in vascular cell number (Fisher and Turner, 2007) . In the pxy mutant, WUSCHEL-RELATED HOMEOBOX4 (WOX4) expression is downregulated . WOX4 is expressed mainly in the tissues closely associated with the vasculature in the whole plant, which is similar to the PXY expression pattern, and WOX4 promotes vascular cell division (Ji et al., 2010) . Specifically, WOX4 expression can be rapidly upregulated by application of TDIF, and analysis of wox4-1, tdr-1, and tdr-1 wox4-1 mutants indicated that WOX4 is necessary for the enhancement of procambial cell proliferation by TDIF signalling (Hirakawa et al., 2010; Suer et al., 2011) (Fig. 2C) . Recently, WOX14 has also been shown to be a downstream component of PXY signalling, as WOX14 is downregulated in pxy mutants and upregulated in CLE41 overexpressing lines. WOX14 is expressed predominantly in vascular tissue, and acts redundantly with WOX4 in regulation of vascular cell division (Etchells et al., 2013) . Also, it appears that the ethylene-ETHYLENE RESPONSE FACTOR (ERF) pathway is parallel to the CLE41-PXY pathway in controlling the maintenance of plant vascular systems, and that the ethylene-ERF pathway is repressed by PXY-mediated signalling (Etchells et al., 2012) . In addition, a (genetic) interaction between PXY and the receptor kinase ERECTA (ER) may represent a novel signalling pathway that co-ordinates differential growth over several cell layers in Arabidopsis via noncell autonomous factors acting downstream of ER (Etchells et al., 2013) . Finally, along with CLE41 and CLE42, microarray and mutant analyses indicate that CLE10 inhibits the vascular development via inhibiting cytokine negative regulators in a CLV2-dependent manner .
STOMAGEN is a mesophyll-derived small signalling peptide, which positively regulates stomatal development, causing upregulation of several transcription factors-depending on the stage of protoderm differentiation-into the guard cell lineage (Shimada et al., 2011) . EPF1 and EPF2 restrict stomatal development in an antagonistic process to STOMAGEN. EPF1 and EPF2 act separately on different cell lineages to restrict stomatal development. Interestingly, STOMAGEN, EPF1, and EPF2 are all indicated to bind competitively to the TOO MANY MOUTHS (TMM)-ERECTA family (ERf) receptor complex (Shimada et al., 2011) . It is thought that EPF stimulation of TMM-ERf complexes triggers a mitogen-activated protein kinase (MAPK) cascade (see below), culminating in repression of SPEECHLESS (SPCH), MUTE, and FAMA transcription factor function, while STOMAGEN binds these complexes but does not cause repression (Shimada et al., 2011) (Fig. 2D) . SPCH, MUTE, and FAMA are thought to act in complexes with SCREAM1 (SCRM1) and SCRM2 to determine cell fate at different stages of development (Kanaoka et al., 2008) . Additionally, SCRM1-SCRM2-SPCH complexes result in the upregulation of EPF2, initiating a negative feedback loop to suppress further expression of SPCH in the presence of STOMAGEN (Torii, 2012a) . It has also been suggested that, instead of several distinct ERf/TMM complexes detecting EPF1 or EPF2 competitively with STOMAGEN, these proteins are all part of one large complex, which is able to bind EPF1, EPF2, and STOMAGEN, but each peptide interacts with different regions of the complex, which regulates SPCH expression accordingly (Jewaria et al., 2013) .
During abscission, IDA-interacting with HAESA (HAE) and HAE-LIKE 2 (HSL2) (Stenvik et al., 2008) affects the transcription factor BREVIPEDICELLUS (BP)/ KNOTTED-LIKE FROM ARABIDOPSIS THALIANA1 (KNAT1), which in turn regulates expression of KNAT2 and KNAT6 (Shi et al., 2011) .
ZmEAL1 is secreted by the egg cell in the ovule, and functions to define antipodal cell fate by positive regulation of the transcription factor INDETERMINATE GAMETOPHYTE 1 (IG1) (Krohn et al., 2012) . As IG1 has been indicated to limit proliferation in the embryo sac, promoting the correct differentiation of embryo cells (Evans, 2007) , it was suggested that this may be due to aberrant proliferation, causing incorrect placement of pluripotent cells, which differentiate into incorrect cell types due to lack of correct signalling pathways present at their location (Krohn et al., 2012) . If this is the case, it may indicate that the egg cell forms an organizing centre in order to maintain cell niches once cell fate has been determined (Krohn et al., 2012) .
While it is clear from these examples that small signalling peptides affect transcription factors, in most cases the intermediate steps from small signalling peptide to transcriptional effect have not been identified.
Phosphorylation
Protein phosphorylation by kinases and dephosphorylation by phosphates represent a major mechanism regulating cell signalling (Terol et al., 2002; Choudhary and Mann, 2010) . Some small signalling peptides have been proposed to signal through a MITOGEN-ACTIVATED PROTEIN KINASE (MAPK) cascade, as such controlling transcription factor activity (see above) and/or other downstream events (Fig. 3A) . However, while this is clearly an important aspect of small signalling peptide outputs, this has only been explored in a limited way.
For example, application of RALF results in activation of MAPKs (Bedinger et al., 2010) . However, as the most rapid response to RALF application is a transient Ca 2+ spike in the cytoplasm, it is possible that the primary function of RALF peptides is to induce a Ca 2+ signalling cascade, and that MAPK activation and proton flux are downstream targets of this cascade (Bedinger et al., 2010) Signalling from CLV receptors upon CLV3-mediated activation co-ordinates the activity of MAPKs, specifically MPK6, during SAM homeostasis (Betsuyaku et al., 2011b) .
EPF1 and EPF2 activate MPK6, which is part of an MAPK module, resulting in the phosphorylation and destabilization of the transcription factor SPEECHLESS (SPCH) and subsequent decrease of the number of stomatal lineage cells (Lee et al., 2012; Jewaria et al., 2013) .
Effect on auxin transport
PIN proteins are key auxin efflux carriers and are essential for the establishment of a proper auxin maximum and therefore regulate root patterning (Grunewald and Friml, 2010) . Interestingly, pin2 mutants are resistant to GLV peptide treatment. In addition, following GLV treatment, PIN2 protein levels increase at the membrane, but the polarity of PIN2 does not change and other auxin transporters, such as AUX1, PIN1, and PIN3, are not affected (Fig. 3B ). This indicates that PIN2 is a target of the GLV signalling pathway (Whitford et al., 2012) , affecting auxin transport and consequently gravitropic response. Some GLV genes are expressed during lateral root and root-hair development (Fernandez et al., 2013a) and, possibly, GLVs also act here-at least partly-via changing auxin gradients, which is crucial for lateral root development (Péret et al., 2009 ) and root-hair formation (Jones et al., 2009) , by regulating intracellular vesicle trafficking and plasma membrane localization of PIN2. However, in this context, auxin treatment cannot recover the lateral root defect caused by overexpressing CLEL6 or CLEL7 (Meng et al., 2012) .
PLS plays an important role in auxin homeostasis, as free indole-3-acetic acid concentrations in pls knockout mutants are much lower than in the wild type (Chilley et al., 2006) . The pls mutant is defective in ethylene signalling and can be complemented by knocking down the function of the ETHYLENE RECEPTOR 1 (ETR1), indicating that pls mutants are hypersensitive to ethylene. Ethylene can inhibit auxin transport (Suttle, 1988) , and enhanced ethylene signalling in pls represses auxin transport and disturbs auxin homeostasis. Presumably PLS regulates root growth and lateral root development via ethylene-mediated control of auxin signalling (Chilley et al., 2006) .
Effect on brassinosteroid signalling
Two PSK receptors, PHYTOSULFOKINE RECEPTOR 1 (PSKR1) and PSKR2, have been identified (Matsubayashi et al., 2006a,b; Kutschmar et al., 2009; Stuhrwohldt et al., 2011) . Genetic and pharmacological data indicate that PSK perception in atrichoblasts generates a brassinosteroiddependent signal that travels to neighbouring trichoblast cells. However, PSK signalling does not appear to significantly alter the expression of key brassinosteroid synthesis genes, indicating that the regulation may occur at the protein level, possibly in the brassinosteroid signalling cascade (Hartmann et al., 2013) .
Alkalinization of the extracellular environment
The receptor for RALF is currently unknown, although 25 and 120 kDa proteins have been detected by photoaffinity cross-linking in Lycopersicon peruvanium (Scheer et al., 2005) . Exogenous application of AtRALF1 induces a Ca 2+ spike in the cytoplasm, suggesting that the RALF receptor may be involved in control of proton flux, thus influencing uptake of ions, metabolites, water, and hormones (Fig. 3C ) (Bedinger et al., 2010) . Application of RALFs and RALFLs cause alkalinization of the surrounding medium more rapidly than SYSTEMIN, a wound-inducible defence-related peptide that causes alkalinization of medium when added to cultures of Lycopersicon peruvanium (Pearce et al., 2001; Ryan et al., 2002; Bedinger et al., 2010; Covey et al., 2010) . Similarly, the effect of Nicotiana attenuata NaRALF on root hairs is also associated with disrupted apoplastic pH regulation (Wu et al., 2007) .
Cell-wall remodelling
Cell separation during lateral root emergence requires modifications to the cell wall, and breaking down of cell walls is done by several cell-wall-modifying enzymes such as EXPANSINs (EXPs), PECTINASEs, and POLYGALACTURONASEs (PGs) (Petersen et al., 1996; Roberts et al., 2002; Rose, 2004) . In roots, the expression of XYLOGLUCAN ENDOTRANSGLYCOSYLASE 6 (XTR6) and EXP17 is reduced and delayed in ida roots, suggesting that IDA controls cell-wall remodelling during lateral root formation (Kumpf et al., 2013) . Similarly, in stage 15 ida mutant receptacles, several glycosyl hydrolases are differentially expressed (Niederhuth et al., 2013) , supporting the suggestion that IDA-mediated cellwall remodelling is also important during abscission.
Chemo-attractant for pollen tube growth
The pollen tube grows by membrane extension (Campanoni and Blatt, 2007) . ZmEA1 acts as a chemo-attractant to the growing pollen tube and is internalized into the pollen tubule by vesicular action and rapidly degraded (Márton et al., 2012) . Although the receptor for ZmEA1 is unknown, it has recently been demonstrated that simultaneous inactivation of receptor-like cytoplasmic kinases LOST IN POLLEN TUBE GUIDANCE 1 (LIP1) and LIP2 in Arabidopsis results in decreased sensitivity to AtLURE1, which is homologous to ZmEA1 (Liu et al., 2013) . This suggests that these ligand− receptor interactions are critical for the correct directional growth of the pollen tube during fertilization (Liu et al., 2013) .
Activation of sperm during fertilization
EC1-like peptides activate sperm during fertilization (Sprunck et al., 2012) . Application of the synthetic forms of EC1.1 peptides to isolated sperm induced migration of HAPLESS2 (HAP2)-the only known plant gamete fusogen-from the sperm cytoplasm to the membrane, indicating that the EC1 family of peptides are involved in Arabidopsis gamete fusion (Sprunck et al., 2012) .
Evolutionary aspects of small signalling peptides
Common themes-such as regulation of transcription factor expression (Fig. 2) , protein stability, phosphorylation, and alkalinization-regarding the downstream effects of small signalling peptides are emerging, but due to off-target effects, redundancy, and lack of knockout mutants, it is often complicated to study this aspect of their signalling. To reduce the number of variables, it would therefore be helpful if small peptide signalling could be studied in simpler, evolutionary older model systems. For example, several of the small signalling peptide families are conserved in the moss Physcomitrella patens (Rychel et al., 2010; Cao and Shi, 2012) .
CLE peptides have been detected in many species of varying complexity, from 89 detected peptides in rice (Oryza sativa) to a single non-redundant peptide in the green alga Chlamydomonas reinhardtii (Oelkers et al., 2008) . This indicates that CLE peptides are a relatively old group of peptides in terms of evolution, as they are present in single-celled organisms. This may indicate that different members of the CLE family have evolved over time to fill niche roles in signalling in a multicellular context and for different processes of development. Different residues critical for function within different CLE peptides indicate that mutations in peptide and receptor protein sequences may have contributed to the plethora of CLE peptides and their respective receptor proteins since the unicellular life form (Reid et al., 2013; Strabala et al., 2006) . As the majority of CLE peptides share a CLE consensus region (SKRLVPSGPNPLHN), which is adequate to induce a short root phenotype when applied ectopically, it is possible that the remainder of the pro-precursor protein may be involved in subcellular cell or tissue localization, providing additional specificity to CLE peptide localization in addition to tissue-specific expression under control of promoter regions (Strabala et al., 2006) . RALF(L)s can similarly be phylogenetically traced back to early land plant species such as Selaginella moellendorffii (two family members) and Physcomitrella patens (three family members), and RALF(L) peptides from a wide range of higher plant species contain a conserved YISY sequence, which is required for alkalinization (Pearce et al., 2010; Cao and Shi, 2012) .
A single EPF-like peptide was found in P. patens, while a gene containing the TYNE motif, otherwise unique to STOMAGEN, was found in S. moellendorffii (Rychel et al., 2010) . Together with homologues for TMM and YODA in P. patens, this suggests that the signalling pathway controlling spacing of stomata is a fundamental and ancient pathway (Rychel et al., 2010) .
As small signalling peptides, and the downstream receptors and transcription factors, have homologues in early land plant species, studying how signalling pathways have evolved by determining interactions and downstream components in, for example, P. patens, will yield significant insight into the evolution of more complex signalling systems in higher plants.
Conclusion
In conclusion, extensive progress has been made with respect to unravelling the downstream effects of small signalling peptides. However, much work remains to be done to identify receptors, to describe phosphorylation cascades, and to reveal targets. The increased interest from the research community, the availability of novel tools, technical improvements, and evolutionary angles will help to advance the field in the coming years. It is, however, important to note that, while the overexpression of small signalling peptide genes or the application of synthetic peptides belonging to the same family often leads to similar phenotypes, these effects might not always be physiologically relevant. In future, more effort will have to go into the characterization of expression patterns and the identification of knockout and/or knockdown lines for small signalling peptides.
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